In a previous work (Hoang & Tram 2018) , we studied rotational dynamics of nanoparticles in stationary C-shocks and identified a new destruction mechanism for suprathermally rotating nanoparticles due to centrifugal force so-called rotational disruption. In this paper, we extend our study for non-stationary shocks driven by outflows and young supernovae remnants that have dynamical ages shorter than the time required for a C-shock to reach the steady state, which is composed of a C-shock and a J-shock tail (referred as non-stationary CJ-shocks). We find that, in the both C-shock and J-shock components, smallest nanoparticles (size 1 nm) of weak materials (with tensile strength S max < 10 10 erg cm −3 ) can be rotationally disrupted by centrifugal force due to extremely fast rotation. We then model spinning dust emission from spinning nanoparticles by accounting for rotational disruption in this non-stationary CJ-shock. We find that spinning nanoparticles can emit strong microwave radiation and suggest a new method to trace nanoparticles and shock velocities in dense molecular outflows using microwave emission from spinning dust. Finally, we discuss two new ways that can return molecules from the nanoparticle surface to the gas in the shocks, including thermal evaporation and rotational desorption. The first process relies on the fact that nanoparticles of low heat capacity can be heated to high temperatures of T d 100 K, which is sufficient to evaporate icy species to the gas phase. The second process, rotational desorption, applied to strong nanoparticles of high tensile strength that can withstand rotational disruption, occurs when the centrifugal force acting on molecules exceeds its binding force to the grain surface. These two new mechanisms may play an important role in chemistry in shocks because of dominant surface area of nanoparticles.
INTRODUCTION
Polycyclic aromatic hydrocarbons (PAHs) and very small dust grains (of size below 50 nm ; hereafter called nanoparticles) are expected to play an important role in gas heating via photoelectric effect (Weingartner & Draine 2001 ) and chemistry (Akimkin et al. 2013) . In dense, low ionization molecular clouds, nanoparticles are believed to affect cloud dynamics and star formation such as ambipolar diffusion (Mestel & Spitzer 1956 ) due to its dominant charge carrier (see Zhao et al. 2016 and references therein) .
Nanoparticles are depleted in dense regions due to accretion of atoms on the grain surface and grain coagulation via grain-grain collisions (Draine 2003; Tibbs et al. 2016) . However, nanoparticles can be reproduced at the same time, such as by shattering of big grains due to grain-grain collisions Jones et al. 1994) . In particular, PAHs are expected to be abundant in shocks due to shattering of carbonaceous grains. Nevertheless, most of observations show the lack of strong PAH emission features in supernova remnants (Smith et al. 2009 ), and do not show strong PAH emission in outflows from massive young stellar objects (Smith et al. 2006) . It implies that PAHs/nanoparticles are perhaps efficiently destroyed in the shocked regions. Hoang & Tram (2018) , for the first time, studied rotational dynamics of nanoparticles in stationary shocks and found that nanoparticles can be rapidly spun-up to suprathermal rotation due to supersonic drift of neutrals relative to charged nanoparticles. As a result, smallest nanoparticles (a 1 nm) can be disrupted when the centrifugal stress induced by centrifugal force exceeds the maximum tensile strength of the material. This mechanism is found to be the most efficient destruction mechanism of nanoparticles in C-shocks in comparison with previously known mechanisms such as thermal sputtering and grain shattering.
In the case of shocks driven by outflows from young stellar objects and young supernova remnants, shocks cannot reach the steady stage because the required timescale is longer than the dynamical age of outflows and supernova remnants. For instance, the dynamical age of the BHR 71 bipolar outflow is ∼ 4000 yr (see Gusdorf et al. 2015) , of the blue lobe of the L1157 outflow is ∼ 3000 yr (see Gueth et al. 1998) , of supernova remnant N132D is ∼ 2500 yr (Tappe et al. 2006) or of supernova remnant IC443 is ∼ 4000 yr (Troja et al. 2008) , while the C-shock reaches the steady state at ∼ 10 4 yr. Therefore, it is necessary to account for non-stationary shocks (e.g., Giannini et al. 2004 Giannini et al. , 2006 Gusdorf et al. 2008b Gusdorf et al. , 2015 . Chieze et al. (1998) and Lesaffre et al. (2004a,b) discovered that non-stationary shocks are composed of a magnetic precursor and a J-type tail, so-called CJ-shock (see Section 2). The main difference of the J-shock from the C-shock stage is that the gas can be heated to higher temperatures, resulting in an enhanced rotation rate of nanoparticles compared to the C-shock stage in the absence of supersonic drift. As a result, we expect that rotational disruption is also efficient in J-shock tails even without supersonic drift. The goal of this paper is to quantify the efficiency of rotational disruption for CJ-shocks and model spinning dust emission from these shocked regions.
The structure of the present paper is as follows. In Section 2, we describe the CJ-type shock model in dense magnetized clouds and compute the gas temperature as well as velocities of neutral, ion, and charged nanoparticles. In Section 3 we will review rotation dynamics of nanoparticles in the shocks where the supersonic drift between neutrals and charged grains is important. We will briefly describe the rotational disruption mechanism and calculate the minimum size of nanoparticles that can survive the shock passage in Section 4. In Section 5 we calculate spinning dust emissivity and emission flux from nanoparticles in the shock regions. We will discuss the importance of extremely fast rotating nanoparticles on grain surface chemistry and potential application of spinning dust for probing nanoparticles in shocks and shock tracing in Section 6. A short summary of our main results is presented in Section 7.
STRUCTURES CJ-TYPE SHOCKS

Shock structures and physical parameters
The existence of magnetic fields and the ionization fraction affect the shock structure. When the magnetic field is weak or the ionization fraction is large, the shocks behave like hydrodynamic one since all of its neutral and charged particle components have the same velocity, including an extra contribution of the magnetic pressure. Because shocks are faster than the signal speed (e.g., sound speed) in the pre-shock medium, the signal speed thus can not "feel" the shock wave before it arrives. The shock properties (e.g., temperature, velocity, density) abruptly vary as a viscous discontinuity jump (the socalled J-type shock) across the shock front.
When the magnetic field is significant, it interacts directly with the charged component and slows it down, which makes the neutral and charged components have different velocities (v n > v i ). If the ionization fraction is small, the speed of magnetosonic wave of the charged component v m will be greater than the entrance shock speed. A resulting magnetic precursor forms upstream of the discontinuity where the charged and neutral fluids dynamically decouple. Thus, the neutral fluid is heated up and accelerated due to the consequent friction between the two fluids. The precursor size increases with increasing the magnetic field intensity, and hence the neutrals are compressed sooner before the arrival of the shock front. Eventually, the discontinuity disappears, and the shock properties now change continuously (the so-called C-type shock). In this case, the kinetic energy dissipates much more gradually because of the friction between the neutral and charged components, and the C-shock volume is therefore much larger.
For young C-type shocks (at early age), the shock is actually composed of a magnetic precursor and a J-type tail Chieze et al. (1998) (the so-called time-dependent CJ-type shock). Lesaffre et al. (2004b) indicated that in the large compression case, which is appropriate in dense media, the J-type front in the young C-type shock is inserted when the flow time in the charged fluid is equal to the shock age. The J-type shock ends when the total neutral flow time across the J-type part reaches the age of the shock.
As in our previous work (Hoang & Tram 2018) , we calculate the shock structure for the different shock velocities using the one-dimensional plane-parallel ParisDurham shock model (Flower & Pineau des Forêts 2015) with the input parameters as in Table 1 . Note that the C-type shock reaches the steady state at a typical time Here b=2 is assumed.
about t s = 10 6 yr/(n H /10 2 cm −3 ) for the standard interstellar medium (ISM) with the scaled radiation field G 0 = 1 (Lesaffre et al. 2004a ). So, in order to take into account the effect of the finite shock age, we consider two different values of age: 10 2 yr and 10 3 yr for n H = 10 4 cm −3 , a ten times shorter for a density of n H = 10 5 cm −3 , and hundred times shorter for a density of n H = 10 6 cm −3 . The magnetic field strength is evaluated for b = 2.
Figures 1-3 show the temperature structure of CJshocks for gas density of n H = 10 4 cm −3 (Fig. 1) , n H = 10 5 cm −3 (Fig. 2) , and n H = 10 6 cm −3 (Fig.  3) . The value z = 0 corresponds to the interface of the preshock and postshock medium. The positive value z corresponds to the location inside the shock. In a denser cloud, however, the gas is swept up and compressed by the shock much stronger and earlier. This therefore makes the gas hotter and increasing much earlier than the one in the medium with lower density. Another related parameter is the shock age. As the shock gets older, the magnetic precursor grows larger and then the entrance speed into the J-type front decreases due to ion-neutral collisions. As a result, the maximum temperature of the J-type component decreases with the shock age. When the age equals to t s , the J-type tail disappears, and the shock returns to a stationary Cshock (see the dotted dashed green lines).
Drifting velocities in C-shock component
In the C-shock component, ions and charged grains are coupled to the magnetic field and move slower than neutrals, resulting in the drift of neutral gas relative to charged grains. As in Hoang & Tram (2018) , we de- note the dimensionless drifting parameter s d = v drift /v th where v th = (2k B T gas /m H ) 1/2 with m H the hydrogen mass is the thermal gas velocity. Figure 4 shows the velocity structure of neutral and ions, as well as the drift velocity v drift as functions of z-the distance for the different gas density, assuming a shock velocity v s = 30 km s −1 . In the C-shock component, v drift rises and reaches the maximum value at the middle of its part. In the J-shock component, on the other hand, the drifting velocity is vanished because grains and neutrals move at the same velocity. The corresponding value of s d increases rapidly with z and then declines when the gas is heated to high temperatures. Finally, it equals to zero at the J-shock tail. For the same shock velocity and age, the shock length decreases from z max ∼ 3 × 10 16 cm for n H = 10 4 cm −3 (top panel) to z max ∼ 3 × 10 14 cm at n H = 10 6 cm −3 (bottom panel) as a result of faster radiative cooling. Figure 5 shows the results for a younger shock age. The apparent difference is that the dimensionless drift- ing s d is vanished much sooner because the J-shock part occurs earlier and dominates over the C-shock component. The shock length is also narrower due to the fast radiative cooling of J-shocks.
ROTATIONAL DYNAMICS OF DUST GRAINS IN CJ-TYPE SHOCKS
As discussed in Hoang & Tram (2018) , grain rotational dynamics is controlled by collisions with gas atoms and molecules, bombardment of ions, long-distant interaction with passing ions, and photon absorption and reemission. The total rotational damping and excitation rate from the various interaction processes are given by (Draine & Lazarian 1998) 
where I = 8πρa 5 /15 is the inertia moment of a spherical grain of size a and mass volume density ρ, ω T = (2kT gas /I) 1/2 is the thermal angular velocity, j = n, ion, p, IR denotes neutral-grain, ion-grain, plasma drag, and IR emission. The dimensionless parameters, F and G, are the damping and excitation coefficients. In the simplest case of colliding with purely atomic hydrogen gas, F j = G j = 1. In a general case, the net damping and excitation coefficients due to grain-neutral collisions are given by: (4) where the first terms for s d = 0 are calculated as in Draine & Lazarian (1998) , and the second terms describe the effect of the charged grain drift in the shock which are denoted as F sd and G sd (see Hoang & Tram 2018 for details). For calculations of F n , G n , we assume that the evaporation temperature of stuck atoms from the grain surface is equal to the gas temperature (i.e., T ev = T gas ). This choice is valid for dense regions of low radiation intensity where all active sites on the grain surface are quickly occupied by impinging atoms and molecules such that subsequent incoming species just bounce back upon collisions (see e.g., Ali-Haïmoud et al. 2009). Figure 6 shows an example of the excitation (upper panel) and damping (lower panel) coefficients from the various interaction processes in the C-shock component of the CJ-shock, in which the supersonic drifting is s d 5. As expected, the excitation by neutral-grain drift is dominant. Obviously, F sd and G sd tend to increase with increasing of the grain size due to the increase of the fraction of the negative charge states of grains (see Fig. 4 in Hoang & Tram 2018) . The contribution from plasma drag, ion collisions, and IR emission is negligible. In this case, the dominance of the excitation by neutral-grain drift leads to suprathermal rotation of nanoparticles. Figure 7 shows the excitation (upper panel) and damping (lower panel) coefficients in the J-shock component of the CJ-shock, in which the neutral-grain drift is vanished. In this shock component, rotational exci- 15 cm (C-shock part). Collisional excitation (G sd ) and damping (F sd ) by supersonic neutral drift is dominant.
tation and damping of grains are completely influenced by collisions with neutral gas.
Rotational Temperature and Rotation Rate
The rotational temperature of spinning nanoparticles is defined from the rms angular velocity for Draine & Lazarian (1998) , which is given by:
where τ H and τ ed are the characteristic damping times due to gas collisions and electric dipole emission, which are defined as 3.8β
with µ the grain dipole moment. The dipole moment of the grain of size a can be estimated by the random walk formula with an assumption that its dipoles have random orientation distribution, which gives
where β is the dipole moment per atom in the grain and a −7 = a/10 −7 . The constant A = 86.5 for PAHs and A = 66.8 for nanosilicates. Figure 8 shows the rotational temperature relative to the neutral gas temperature, T rot /T gas , as a function of the grain size, at four different locations in the shock. In the C-shock component, nanoparticles rotate suprathermal velocities due to supersonic drift velocity. The ratio of T rot /T n increases with the grain size and saturates dues to the increasing fraction of grains on the negative charge states (Hoang & Tram 2018 ). In the J-shock component, on contrary, nanoparticles rotate 5 cm −3 , vs=30 km s −1 and age = 10 2 yr (middle panel), and for nH = 10 6 cm −3 , vs=30 km s −1 and age = 10 1 yr (bottom panel). Suprathermal rotation is observed at the locations of C-part (solid blue and dashed orange lines), while thermal/subthermal rotation is observed at the location of J-part (dotted red and dashed dotted green lines).
thermally/subthermally due to the dominance of thermal gas collisions.
The rotation rate at the rotational temperature T rot is given by
Hz, (8) whereρ = ρ/3 g cm −3 .
Dynamic and disruption timescales
To understand the efficiency of the grain rotational excitation by stochastic gas bombardment in the shock, we need to quantify this timescale in term of comparison with the timescale of grain flow.
The timescale to spin the grain at rest up to an angular momentum J is:
where (∆J) 2 /∆t is the increase of grain rotational energy per unit time. Here one can assume J = Iω T .
As mentioned in Section 2, the structure of the CJshock approximates a composition of the C-shock and Jshock components. In the C-shock component, in which charged grains move slower than neutrals, the spin-up time by neutral gas drift is equal to
In the J-shock component, in which grains move with the same velocity as gas, the spin-up time is characterized by thermal collision, which gives
The dynamical flow time of grains in the C-shock and J-shock components can be respectively estimated as v gas yr. (13) By comparing Equation (10) with (12), one can see that the spin-up timescale by stochastic gas collisions is shorter than the time passing the dense C-shock structure for drift velocity of v drift > 1 km s −1 . Therefore, supersonic gas flow can rapidly spin up nanoparticles to suprathermal rotation in the C-shock component. From Equation (11) and (13) it follows that the spinup timescale by thermal collisions is also shorter than the time passing the J-shock structure for a typical gas velocity of 5 km s −1 . Therefore, thermal gas collisions can rapidly spin up nanoparticles to thermal rotation in the J-shock component.
ROTATIONAL DISRUPTION FOR EXTREMELY
FAST ROTATING NANOPARTICLES
Rotational disruption
In this section, we briefly describe the rotational disruption mechanism of nanoparticles in shocks introduced by Hoang & Tram (2018) for reference.
In shocks, nanoparticles can be excited to very fast rotation of which the rate is given by Equation (8). When the rotation rate increases to a critical value corresponding to when the centrifugal stress (S = ρaω 2 /4) exceeds the maximum tensile strength of the material (S max ), nanoparticles are disrupted instantaneously. The critical angular velocity for the disruption is obtained by setting S ≡ S max :
where S max,10 = S max /10 10 erg cm −3 (Hoang et al. 2018c) .
The exact value of S max depends on the dust grain composition and internal structure, which is poorly known. Compact grains can have higher S max than porous ones. Burke & Silk (1974) and Draine & Salpeter (1979) suggested that S max ∼ 10 9 − 10 10 erg cm −3 for polycrystalline bulk solid. Ideal material without impurity, such as diamond, can have S max ≥ 10 11 erg cm −3 , which is considered strongest material.
1 We will consider several values of S max = 10 9 −10 11 erg cm −3 , which are expected for nanoparticles. In the following, dust grains with S max 10 10 erg cm −3 are referred to as strong materials, and those with S max < 10 10 erg cm
are called weak materials.
Comparing Equations (8) and (14), we can derive the rotational temperature required for grain disruption:
It follows that to destroy nanoparticles of a 0.5 nm ωcri (Smax = 10 11 erg cm −3 ) ωcri (Smax = 10 11 erg cm −3 ) with S max = 10 10 erg cm −3 , we need the rotational temperature of T rot ∼ 2 × 10 4 K. But for weak materials of lower tensile strength of S max = 10 9 erg cm −3 , the disruption can occur at lower temperature T rot ∼ 2×10
3 K. Figure 9 shows the rms rotation rate ω 2 1/2 as a Figure 10. Minimum size below which PAHs are destroyed by rotational disruption, assuming the different material tensile strengths for vs = 30 km s −1 . Top, middle, and bottom panels show results for nH = 10 4 cm −3 , nH = 10 5 cm −3 , and nH = 10 6 cm −3 , respectively. For each gas density, the results for a younger shock are shown in the right hand side. The black vertical solid line is the J-shock front.
function of the grain size. The intersection between the rms rotation rate and the critical disruption rate ω cri determines the critical disruption size of nanoparticles. Large nanoparticles can survive, while smallest nanoparticles of a 2 nm are disrupted due to its faster rotation. The disruption is efficient in the C-shock component (representative in blue and orange lines) because of the suprathermal rotation of nanoparticles. For instance, nanoparticles of size of a < 0.5 nm with S max = 10 10 erg cm −3 can be disrupted (Figure 9 , bottom panel). In the J-shock component, despite of thermal/subthermal rotation of nanoparticles (see Figure 8) , nanoparticles can be still disrupted by thermal gas collisions due to high gas temperature of 10 4 K (see Section 2)(representative in green and red lines). However, the disruption effect in J-shocks is much less efficient than in C-shocks. In general, the efficiency of rotational disruption in the CJ-shock actually depends on the shock density, velocity, and age.
Disruption grain size
In this section, we compute the minimum size a min of nanoparticles that can withstand the rotational disruption in the shock by comparing ω 2 1/2 at each location in the shock region with ω cri (e.g., Fig. 9) . Figure 10 illustrates a min as a function of the location in the shock for the different values of S max . The vertical back line represents for the location of the J-shock front. We see the same effect as reported in Hoang & Tram (2018) , namely, grains of strong material can survive the shock passage (red dotted line), while grains of weak material can be destroyed. The disruption size increases for weaker materials (see blue, orange and green dotted lines). The apparent difference from Hoang & Tram (2018) is the appearance of the disruption by thermal collisions in the J-shock component. This disruption mechanism is stronger in younger shocks (Fig. 10 , right panel) because the J-shock component dominates and induces higher gas temperature in this case (see Section 2).
SPINNING DUST EMISSION FROM NANOPARTICLES IN CJ-SHOCKS
Rapid rotation of nanoparticles induces electric dipole emission at microwave frequencies (Draine & Lazarian 1998; Hoang et al. 2010) . In this section, we briefly describe the modeling method of spinning dust emission for reference, and a detailed description of spinning dust emission from nanoparticles can be found in Hoang & Tram (2018) . Note that the minimum cutoff of the nanoparticle size distribution is self-consistently calculated by rotational disruption in Section 4.2.
Spinning dust model
The rotational emissivity per H nucleon is obtained by integrating over the grain size distribution (see Hoang et al. 2011) :
where dn/da = dn PAH,sil /da for spinning PAHs and nanosilicates, which are assumed to follow a log-normal size distribution (Li & Draine 2001) :
where j = PAH, sil corresponds to PAHs and nanosilicate composition, a 0,j and σ j are the model parameters, and B j is a constant (see Hoang & Tram 2018 ). Rotational emission spectrum of spinning nanoparticle for nH=10 4 cm −3 , vs=30 km s −1 , and age = 10 3 yr computed at several positions in the shock with Smax = 10 9 erg cm −3
(upper panel) and Smax = 10 10 erg cm −3 (lower panel). Dust is considered of 90% of PAHs and 10% of silicates. Thermal dust emissivity j td is also shown for comparison (dashed black line).
Above j a ν (µ, T rot ) is the emissivity from a spinning nanoparticle of size a, and T rot in general is a function of the local conditions. The former is given by
where pdf (ν|ω) is the probability that the nanoparticle rotating at ω emits photons at observed frequency ν, and the relation ω = 2πν is assumed. f MW is the angular momentum distribution function of nanoparticles, which is assumed to be Maxwellian. The minimum size a min at each location z in the CJ-shock is set equal to the disruption size (see Figure 10 ). The power emitted by a rotating dipole moment µ at angular velocity ω is given by the Larmor formula:
where θ is the angle between ω and µ. Assuming an uniform distribution of the dipole orientation, θ, then, sin 2 θ is replaced by sin 2 θ = 2/3. The intrinsic dipole moment µ of the grain can be estimated using the random walk formula with an assumption that dipoles have a random orientation distribution, which yields µ 2 = N β In high-density conditions where collisional excitation dominates the rotation of nanoparticles (e.g., in shock regions), the grain angular velocity can be appropriately described by the Maxwellian distribution:
For simplicity, in this paper, we disregard the effect of grain wobbling and irregular shape of nanoparticles, and accounting for these effect can enhance the spinning dust emissivity by a factor of 2 (Hoang et al. 2010; Hoang et al. (2011) ). 
Emission spectrum
In this section, we use Equation (16) to calculate the spinning dust emissivity at various locations inside serval shocks. The emissivity is calculated assuming that dust composes of 90 % PAH and 10 % nanosilicate. The rotational disruption effect is taken into account, of which a min is determined with different tensile strength of material as in section 4. The only uncertainty is that we fix the nanoparticle abundance throughout the shock, although the realistic abundance should vary in the shock due to grain shattering (Guillet et al. 2011) . Figure 11 shows an example of the emission spectrum of spinning dust as a function of frequency computed at several locations z in the shock as considered in Figure 9 . The dashed black dashed line shows the thermal dust emissivity from dust grains (see Hoang & Lazarian 2018) . For weak material (e.g., S max = 10 9 erg cm −3 ), when the smallest grains are remarkably suppressed by rotational disruption, the rotational emissivity is much less than the thermal emission, but it is dominant over thermal dust at frequencies below ν < 100GHz at most considered shock locations (upper panel). For stronger material (e.g., S max = 10 10 erg cm −3 ), when the smallest grains are not or unremarkably enhanced by rotational disruption (see Fig. 10, left panel) , the rotational emissivity is much stronger and comparable with the thermal emission (lower panel). Figure 12 and Figure 13 illustrate the same phenomena but for shocks in denser medium n H = 10 5 cm −3 and n H = 10 6 cm −3 , respectively.
Emission spectral flux
Assuming a spherical geometry for the shocked region, the spectral flux of spinning dust emission from the shock region can be calculated as:
where D is the distance from the shocked region to the observer, and V is the volume of the shocked region determined by the shock length z min − z max . Figure 14 shows the spectral flux for the different shock velocities for three different CJ-shock models, assuming S max = 10 9 erg cm −3 . From the top to the bottom, the emission flux is significantly decreased due to both the decrease of shocked volume with increasing of density (see Figures 1-3 ) and the increase in the disruption size. Note that the gas temperature increases with increasing gas density (see Section 2). Thus, from the left to the right, the emission flux is also significantly decreased due to the increase of the rotational disruption as the gas temperature in the young CJ-shock is higher than in older ones (see also Section 2). Stronger shocks (i.e., higher shock velocity) induce stronger disruption effect. The peak frequency decreases due to the removal of smallest nanoparticles by rotational disruption and is around ∼ 100 GHz. Figure 15 shows the similar results but for stronger materials. In this case, since nanoparticles are more stable, rotational disruption is less efficient. Therefore, both the peak of the spectral flux and peak frequency are higher than the results shown in Figure 14 for weaker materials. In shock regions, two popular mechanisms that can destroy dust grains include sputtering and grain-grain collisions (Jones et al. 1996) . Hoang & Tram (2018) proposed a new mechanism of destruction for very small grains (i.e., nanoparticles), so-called rotational disruption, which appears to be the fastest mechanism working in shock regions (see Table 2 ). The key points of this new mechanism are that: (i) the dominance of gas collisional excitation due to high temperature and high gas density in shocks makes nanoparticles rotate at thermal angular velocity, (ii) the supersonic drift of neutrals relative to charged nanoparticles is then able to spin-up charged nanoparticles to suprathermal rotation. When the rotation rate exceeds the maximum tensile strength of grain materials, nanoparticles are disrupted by centrifugal force. They also found that grains of weak material with the tensile strength S max < 10 10 erg cm −3
are efficiently disrupted, while the strong ones with S max ≥ 10 10 erg cm −3 are hardly destroyed in C-shocks. In this paper, we extended our previous study for the non-stationary shocks, which are driven by outflows and young supernova remnants. This type of shocks is called CJ-shock because it approximately composes of the C-type and J-type shocks. We found the same mechanism in the C-shock component as reported in Hoang & Tram (2018) . Nevertheless, nanoparticles, in the J-shock component, rotate thermally/subthermally because rotational excitation cannot overcome its damping, leading to its rotational temperature lower than the gas temperature. However, as J-shocks can heat gas up to very high temperature, the grain rotational rate is thus still high enough to disrupt the smallest nanoparticles. We demonstrate that this process is also the most efficient mechanism to disrupt nanoparticles in J-shocks (see Table 2 ). Note that spherical nanoparticles are assumed and rotational excitation is only considered by stochastic mechanical torques in this study. The efficiency of the disruption mechanism for the realistic, irregular shapes would be increased due to stronger mechanical torques (Lazarian & Hoang 2007; Hoang et al. 2018a ).
Implications for mid-IR emission from shock regions
Together with previous study (Hoang & Tram 2018 ), we suggest PAHs can be destroyed efficiently at even low shock velocity (i.e., v s < 50 km s −1 ) by rotational disruption. This mechanism might explain the lack of mid-IR emission in most of observations of supernova remnants (see Kaneda et al. 2011 for a review). We also show that nanoparticles with size larger than ∼ 1 nm can survive throughout the shock, and this also might explain the ubiquitous mid-IR emission features at 9 µm and 21 µm (Rho et al. 2018 ).
6.3. Constraining the shock velocity in dense regions with spinning dust Figure 14 . Spectral flux of spinning dust emission for nH = 10 4 cm −3 (top panel), nH = 10 5 cm −3 (middle panel), and nH = 10 6 cm −3 (bottom panel). The right hand side represents for younger age. The spectral flux significantly decreases with increasing the pre-shock density and decreasing the shock. Smax = 10 9 erg cm −3 is assumed, and D = 100 pc is taken. Notes:
Smax,10 = Smax/10 10 erg cm
a In spite of moving with same velocity, grain-grain collision can occur because of turbulence. The turbulence velocity vgg is about few km s −1 Shocks are ubiquitous in the ISM, specially CJ-shock are probed to be common in outflows and young supernova remnants. The popular technique to probe slow shocks is observing molecular emission lines (e.g., CO, SiO, and H 2 ). Here we suggest a new technique to trace shocks using continuum microwave emission from spinning dust. This technique is based on spinning dust mechanism due to both highly collisional gas excitation, supersonic drift of neutral gas, and abundance of nanoparticles formed by grain-grain collisions. Figure 16 shows the maximum flux (peak flux) of spinning dust emission as a function of the shock velocity for the different shock models and tensile strengths. For strong materials (S max = 10 10 erg cm −3 ), the peak flux increases rapidly with the shock velocity due to increased drift velocity and gas temperature (black lines). For weaker materials (S max = 10 9 erg cm −3 ), the peak flux first increaes rapidly with v s and then slowly varies for high velocities of v s > 15 − 20 km s −1 where rotational disruption occurs to remove smallest nanopaticles (red lines). The peak flux in the older shock is higher than in the younger shock due to dominance of J-shock component in younger one. Figure 17 shows the frequency corresponding to peak flux (peak frequency) as a function of the shock velocity for the different shock models. For strong materials (S max = 10 10 erg cm −3 ), the peak frequency increases with increasing shock velocity upto v s ∼ 25 km s −1 (black lines). For weaker materials (S max = 10 9 erg cm −3 ), the peak frequency first increases rapidly with v s and then decreases slowly for higher velocities of v s > 15 − 20 km s −1 due to rotational disruption (red lines). The peak frequency of strong dust grains consequently longer than of the weak ones.
We note that the peak flux decreases while the peak frequency increases with increasing the gas density (see Figures 16 and 17) which arises from the fact that the shock length is narrower for higher gas density (see Figures 1-3) . The underlying reason for this feature is particularly obvious at low velocities of v s < 15 km s −1 where the rotational disruption is ineffective.
Tracing nanoparticles in shocks with spinning dust
PAHs and nanoparticles are suggested to be abundant in shock regions due to grain-grain collisions (Jones et al. 1996; Guillet et al. 2011) . However, to date, there is no direct observations to test this formation mechanism of PAHs/nanoparticles. By modeling microwave emission from spinning dust, we show that spinning dust is very strong in shock regions. Even with the abundance of Si and C in nanoparticles of only Y C = Y Si = 5%, the spectral flux of spinning dust emission is still dominant over thermal dust at frequencies below ∼ 100 GHz. The spinning dust emissivity is several orders of magnitude higher than thermal dust when the rotational disruption is disregarded.
Therefore, future radio observations with ALMA Band and ngVLA, would be used to probe nanoparticles and test the different dust destruction mechanisms in interstellar shocks. Specifically, we can trace nanoparticles in outflows from young stellar objects using spinning dust. This technique can be unique because of the lack of optical/UV-photons to trigger mid-IR emission in dense outflows.
Collisional heating and grain temperature in shocked regions
As discuss in Hoang & Tram (2018) , the maximum tensile strength of dust grains and nanoparticles is very uncertain. The ideal material such as graphene has highest tensile strength of S max ≥ 10 11 erg cm −3 . The porous material, on the other hand, has lower tensile strength. Idrissi et al. (2016) demonstrated that the maximum tensile strength of nanoparticles is decreased considerably as increasing grain temperature. Thus, we expect the decrease of the tensile strength of grains in hot shock regions. Below, we estimate the grain temperature in the shocks due to collisional heating. Peak emission flux as a function of the shock velocity for nH = 10 4 cm −3 (top), nH = 10 5 cm −3 (middle), and nH = 10 6 cm −3 (bottom). Two values of shock ages and tensile strengths are considered. The peak flux increases rapidly with increasing vs for strong materials (black lines).
Assuming thermal equilibrium, the grain temperature can be derived from the balance between the heating rate due to collisions with gas atoms and the cooling rate due to infrared emission: where σ SB is the Stefan-Boltzmann constant, and Q abs (a) 1.3 × 10 −6 (a/0.1µm)T 2 d for silicate grain or Q abs (a) 8×10 −7 (a/0.1µm)T 2 d for graphite grain is the Planck-averaged emission efficiency (see Draine 2011) . Therefore, the dust temperature is
with A = 0.42 for silicate grain and A = 0.46 for graphite grain. For instance, a grain with size a = 0.1µm can be heated up to T max d
∼ 50 K in shock with n H = 10 5 cm −3 , v s = 30 km s −1 , and age = 100 yr (corresponding to T max n 1.2 × 10 14 K). For nanoparticles with low heat capacity, a single collision with an atom can raise the grain temperature considerably to:
where ∆E = 3/2k B T n is the energy that an atom transfers to the dust grain, C V = 3N atom k B is the volume heat capacity of a dust grain, with N atom = 4/3πa 3 n atom total atoms in a dust grain. The number density of atom in a dust grain is adopted as n atom ∼ 10 23 cm −3 . The dust temperature is now
Taking the same example of shock as above, a grains of 3.56Å radius can reach to T max d
∼ 320 K, while it is ∼ 115 K for the one of 5Å. Therefore, the tensile strength of nanoparticles is considerably reduced due to collisional heating. 6.6. Implication for grain chemistry: thermal and rotational desorption
Icy grain mantles play a very important role in interstellar chemistry. Ice mantles catalyze chemical reactions at its surface, which allows for the formation of molecules. However, how newly formed molecules are returned to the gas from the ice mantle is not well understood. Several mechanisms have been proposed, including evaporation/sublimation, desorption (i.e., thermal, non-thermal, cosmic ray, chemical desorptions), and sputtering (see, e.g., Minissale et al. 2016 and references therein) . Below, we discuss two new mechanisms that may be important for releasing molecules in shocks, including thermal sublimation and rotational desorption.
6.6.1. Thermal sublimation from grain surface A popular mechanism to return molecules to the gas from grain surface is thermal sublimation (Leger et al. 1985) . In shocked regions, we found that typical dust grains of a ∼ 0.1µm) can be collisionally heated by hot gas to T d ∼ 50 K. This temperature is larger than the sublimation temperature of some volatile molecules, such as N 2 , CO, CO 2 . As a result, volatile molecules can be thermally released from the grain surface in CJshocks. 6.6.2. Explosive evaporation due to thermal spikes from nanoparticle surface As shown in Equation (25), nanoparticles can be transiently heated by single-atom collisions to high temperature T d ∼ 100 − 300 K, depending on the particle size. The thermal spike by atomic collisions results in transient evaporation of the ice mantle, a process analogous to impulsive explosion by cosmic rays discussed in Leger et al. 1985 .
We note that ice mantles can be formed on the surface of original nanoparticles. It can naturally be formed on big grains, and subsequent collisions between grains produce nanometer-sized fragments hosting ice mantles. The resulting nanoparticles continue to move in the shock and are heated to high temperatures as given by Equation (25). When the grain temperature reaches T d 100 K, the ice mantle is rapidly evaporated from the nanoparticle surface. For instance, for a typical fragment of size a ∼ 5Å, the grain temperature acquired from collisions is T d ∼ 115 K (see Eq. 25). This temperature is sufficient to evaporate molecules such as CO 2 , H 2 CO, CH 3 OH, HCN.
Rotational desorption
In shocks propagating through dense clouds, nanoparticles can be spun-up to suprathermal rotation, at rates ω 10 11 s −1 (see Figure 9 ). For nanoparticles made of strong materials (S max 10 10 erg cm −3 ) which can withstand the rotational disruption, the centrifugal force acting on a molecule can exceed its binding force to the grain surface, resulting in the ejection of the molecule. The centrifugal force acting on a molecule of mass m when the nanoparticle rotates with an angular velocity ω rot is:
where ω rot is defined in Equation (8).
The binding force of the molecule to the grain surface is estimated as:
where U is the binding energy between the molecule and grain surface, and r ∼ 3Å is the interaction distance between the molecule and the grain surface. The molecule is ejected when and only when F Cen F bind , which yields: The rotational temperature T rot varies with grain radius and its location in the shock. It is also different in the C-shock or J-shock component (see Fig. 8 ). Regardless of all these details, however, the average value of T rot is order of 10 4 K. The value of the binding energy U of several molecules with an icy grain surface is listed in Table 3 (see also Minissale et al. 2016 ). Adopting all these quantities, we can estimate the critical grain size of which molecules can be desorbed due to centrifugal force. The results are shown in Table 3 . For instance, the centrifugal force on a nanoparticle of size a ≤ 3.58Å can be large enough to eject H 2 , or of size a ≤ 5.63Å for N 2 .
SUMMARY
We study rotational dynamics of nanoparticles in CJshocks driven by outflows in dense molecular clouds and suggest a new method to probe nanoparticles and shock velocities via spinning dust emission. Our principal results are summarized as follows:
1 For the first time, we study the rotation dynamics of dust grains in CJ-shocks driven by outflows from young stars and by young supernova remnants in dense clouds. We find that the rotational mechanism of dust grains are different in different parts of the shock. In the C-shock part, nanoparticles can be rapidly spun-up to suprathermal rotation due to supersonic drift of neutral relative to charged nanoparticles. Whereas, in the J-shock part, nanoparticles thermally/subthermaly rotate due to thermal gas collisions.
